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Field of the Invention 
The invention relates generally to hydrogen-selective membranes 
and devices that form and/or purify hydrogen gas, and more particularly to 
methods for forming hydrogen-selective membranes, hydrogen-selective 
5 membrane modules, hydrogen purifiers and fuel processors. 

Background of the Invention 
Purified hydrogen is used in the manufacture of many products 
including metals, edible fats and oils, and semiconductors and microelectronics. 
Purified hydrogen is also an important fuel source for many energy conversion 
10 devices, such as fuel-cell systems, and especially proton-exchange-membrane 
fuel-cell (PEMFC) systems. 

Hydrogen gas streams may be produced by fuel processors that 
produce hydrogen gas by chemically reacting one or more feed streams. These 
fuel processors often require that the initial hydrogen stream be purified before the 
15 stream is suitable for use in a particular application, such as a feed stream to a fuel 
cell. 

An example of a suitable fuel processor is a steam reformer, which 
produces hydrogen gas by reacting a hydrocarbon or alcohol with water. Other 
examples of suitable fuel processors produce hydrogen gas by autothermal 
20 reforming, partial oxidation of a hydrocarbon or alcohol vapor, by a combination 
of partial oxidation and steam reforming a hydrocarbon or an alcohol vapor, by 
pyrolysis of a hydrocarbon or alcohol vapor, and by electrolysis of water. 



Examples of suitable fuel processors and fuel cell systems incorporating the same 
are disclosed in U.S. Patent Nos. 5,861,137, 5,997,594 and 6,376,113, the 
disclosures of which are hereby incorporated by reference. 

Hydrogen-selective membranes formed from hydrogen-permeable 

5 metals, most notably palladium and alloys of palladium, are known. In particular, 
planar palladium-alloy membranes have been disclosed for purifying hydrogen gas 
streams, such as hydrogen gas streams produced by steam reformers, autothermal 
reformers, partial oxidation reactors, pyrolysis reactors and other fuel processors, 
including fuel processors configured to supply purified hydrogen to fuel cells or 

10 other processes requiring high-purity hydrogen. 

To be economical, palladium and palladium-alloy membranes must 
be thin. For example, planar membranes are typically approximately 0.001 inches 
thick. However, forming an extremely thin membrane tends to become more 
expensive from a manufacturing standpoint as the thickness of the membrane is 

15 reduced. Furthermore, extremely thin membranes are subject to wrinkling during 
assembly into a membrane module containing one or more hydrogen-selective 
membranes. A membrane that has one or more wrinkles is subject to premature 
failure due to stress fractures forming at the wrinkle. When such a failure occurs, 
impurities that otherwise would be unable to pass through the membrane can now 

20 pass through the membrane, thereby reducing the purity of the product hydrogen 
stream and potentially damaging the fuel cell stack or other hydrogen-consuming 
device with which the purified stream is used. 



Summary of the Invention 
The present invention is directed to membrane modules that contain 
one or more hydrogen-selective membranes, methods for preparing the same, and 
hydrogen purification systems, fuel processors and devices containing the same. 
5 In some embodiments, the membrane modules include one or more hydrogen- 
selective membranes supported on a support or screen structure, of which a variety 
of embodiments are disclosed. In some embodiments, the membrane or 
membranes are adhesively mounted on the screen structure during assembly. In 
some embodiments, the screen structure includes a plurality of screen members 
10 adhesively mounted together during assembly. In some embodiments, the screen 
structure includes a coating. The present invention is also directed to methods for 
reducing the thickness of hydrogen-selective membranes. 

Brief Description of the Drawings 
Fig. 1 is a schematic diagram of a fuel cell system containing a fuel 
15 processor with a membrane module according to the present invention. 

Fig. 2 is a schematic diagram of another embodiment of the fuel cell 
system of Fig. 1. 

Fig. 3 is a schematic diagram of a fuel processor suitable for use in 
the fuel cell systems of Figs. 1 and 2 and including a membrane module according 
20 to the present invention. 

Fig. 4 is a schematic diagram of another embodiment of the fuel 
processor of Fig. 3. 



Fig. 5 is a schematic diagram of a hydrogen purifier containing a 
membrane module according to the present invention. 

Fig. 6 is a fragmentary side elevation view of a membrane envelope 
constructed according to the present invention and including a screen structure. 

Fig. 7 is an exploded isometric view of another embodiment of a 
membrane envelope constructed according to the present invention and including a 
screen structure having several layers. 

Fig. 8 is a cross-sectional view of the membrane envelope of Fig. 7. 

Fig. 9 is a fragmentary isometric view of an expanded metal screen 
member suitable for use in the screen structure of Fig. 7. 

Fig. 10 is an exploded isometric view of another membrane envelope 
according to the present invention. 

Fig. 11 is an exploded isometric view of another membrane envelope 
constructed according to the present invention. 

Fig. 12 is an exploded isometric view of another membrane envelope 
constructed according to the present invention. 

Fig. 13 is an exploded isometric view of another membrane module 
constructed according to the present invention. 

Fig. 14 is a cross-sectional view of a fuel processor that includes a 
membrane module constructed according to the present invention. 

Fig. 15 is a cross-sectional view of another fuel processor that 
includes a membrane module constructed according to the present invention. 



Fig. 16 is an isometric view of an unetched hydrogen-permeable 
metal membrane. 

Fig. 17 is a cross-sectional detail of the membrane of Fig. 16 with an 
attached frame. 

5 Fig. 18 is an isometric view of the membrane of Fig. 16 after being 

etched according to a method of the present invention. 

Fig. 19 is a cross-sectional detail of the membrane of Fig. 18. 
Fig. 20 is an isometric view of the membrane of Fig. 16 with an 
absorbent medium placed over an application region of one of the membrane's 
10 surfaces. 

Fig. 21 is a cross-sectional detail of the membrane of Fig. 20. 
Fig. 22 is the detail of Fig. 19 with a hole indicated generally at 60. 
Fig. 23 is the detail of Fig. 22 with the hole repaired. 
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Detailed Description and Best Mode of the Invention 
A fuel cell system according to the present invention is shown in 
Fig. 1 and generally indicated at 10. System 10 includes at least one fuel 
processor 12 and at least one fuel cell stack 22. Fuel processor 12 is adapted to 

5 produce a product hydrogen stream 14 containing hydrogen gas from a feed 
stream 16 containing a feedstock. The fuel cell stack is adapted to produce an 
electric current from the portion of product hydrogen stream 14 delivered thereto. 
In the illustrated embodiment, a single fuel processor 12 and a single fuel cell 
stack 22 are shown and described, however, it should be understood that more 

10 than one of either or both of these components may be used. It should also be 
understood that these components have been schematically illustrated and that the 
fuel cell system may include additional components that are not specifically 
illustrated in the figures, such as feed pumps, air delivery systems, heat 
exchangers, heating assemblies and the like. 

15 Fuel processor 12 produces hydrogen gas through any suitable 

mechanism. Examples of suitable mechanisms include steam reforming and 
autothermal reforming, in which reforming catalysts are used to produce hydrogen 
gas from a feed stream containing a carbon-containing feedstock and water. Other 
suitable mechanisms for producing hydrogen gas include pyrrolysis and catalytic 

20 partial oxidation of a carbon-containing feedstock, in which case the feed stream 
does not contain water. Still another suitable mechanism for producing hydrogen 
gas is electrolysis, in which case the feedstock is water. For purposes of 



illustration, the following discussion will describe fuel processor 12 as a steam 
reformer adapted to receive a feed stream 16 containing a carbon-containing 
feedstock 18 and water 20. However, it is within the scope of the invention that 
the fuel processor 12 may take other forms, as discussed above. 
5 Examples of suitable carbon-containing feedstocks include at least 

one hydrocarbon or alcohol. Examples of suitable hydrocarbons include methane, 
propane, natural gas, diesel, kerosene, gasoline and the like. Examples of suitable 
alcohols include methanol, ethanol, and polyols, such as ethylene glycol and 
propylene glycol. 

10 Feed stream 16 may be delivered to fuel processor 12 via any 

suitable mechanism. Although only a single feed stream 16 is shown in Fig. 1, it 
should be understood that more than one stream 16 may be used and that these 
streams may contain the same or different components. When carbon-containing 
feedstock 18 is miscible with water, the feedstock is typically delivered with the 

15 water component of feed stream 16, such as shown in Fig. 1. When the carbon- 
containing feedstock is immiscible or only slightly miscible with water, these 
components are typically delivered to fuel processor 12 in separate streams, such 
as shown in Fig. 2. 

In Figs. 1 and 2, feed stream 16 is shown being delivered to fuel 

20 processor 12 by a feed stream delivery system 17. Delivery system 17 includes 
any suitable mechanism, device, or combination thereof that delivers the feed 
stream to fuel processor 12. For example, the delivery system may include one or 



more pumps that deliver the components of stream 16 from a supply. 
Additionally, or alternatively, system 17 may include a valve assembly adapted to 
regulate the flow of the components from a pressurized supply. The supplies may 
be located external of the fuel cell system, or may be contained within or adjacent 
5 the system. 

Fuel cell stack 22 contains at least one, and typically multiple, fuel 
cells 24 adapted to produce an electric current from the portion of the product 
hydrogen stream 14 delivered thereto. This electric current may be used to satisfy 
the energy demands, or applied load, of an associated energy-consuming 

10 device 25. Illustrative examples of devices 25 include, but should not be limited 
to, a motor vehicle, recreational vehicle, boat, tool, light or lighting assemblies, 
appliances (such as household or other appliances), household, signaling or 
communication equipment, etc. It should be understood that device 25 is 
schematically illustrated in Fig. 1 and is meant to represent one or more devices or 

15 collection of devices that are adapted to draw electric current from the fuel cell 
system. A fuel cell stack typically includes multiple fuel cells joined together 
between common end plates 23, which contain fluid delivery/removal conduits 
(not shown). Examples of suitable fuel cells include proton exchange membrane 
(PEM) fuel cells and alkaline fuel cells. Fuel cell stack 22 may receive all of 

20 product hydrogen stream 14. Some or all of stream 14 may additionally, or 
alternatively, be delivered, via a suitable conduit, for use in another hydrogen- 
consuming process, burned for fuel or heat, or stored for later use. 



Fuel processor 12 is any suitable device that produces hydrogen gas. 
Preferably, the fuel processor is adapted to produce substantially pure hydrogen 
gas, and even more preferably, the fuel processor is adapted to produce pure 
hydrogen gas. For the purposes of the present invention, substantially pure 

5 hydrogen gas is greater than 90% pure, preferably greater than 95% pure, more 
preferably greater than 99% pure, and even more preferably greater than 99.5% 
pure. Suitable fuel processors are disclosed in U.S. Patent Nos. 5,997,594 and 
5,861,137, pending U.S. Patent Application No. 09/291,447, which was filed on 
April 13, 1999, and is entitled "Fuel Processing System," and U.S. Patent 

10 Application Serial No. 09/802,361, which was filed on March 8, 2000 and is 
entitled "Fuel Processor and Systems and Devices Containing the Same," each of 
which is incorporated by reference in its entirety for all purposes. 

An example of a suitable fuel processor 12 is a steam reformer. An 
example of a suitable steam reformer is shown in Fig. 3 and indicated generally at 

15 30. Reformer 30 includes a reforming, or hydrogen-producing, region 32 that 
includes a steam reforming catalyst 34. Alternatively, reformer 30 may be an 
autothermal reformer that includes an autothermal reforming catalyst. In 
reforming region 32, a reformate stream 36 is produced from the water and 
carbon-containing feedstock forming feed stream 16. The reformate stream 

20 typically contains hydrogen gas and impurities, and therefore is delivered to a 
separation region, or purification region, 38, where the hydrogen gas is purified. 
In separation region 38, the hydrogen-containing stream is separated into one or 



more byproduct streams, which are collectively illustrated at 40, and a hydrogen- 
rich stream 42 by any suitable pressure-driven separation process. In Fig. 3, 
hydrogen-rich stream 42 is shown forming product hydrogen stream 14. 
Separation region 38 includes a membrane module 44 according to the present 

5 invention and contains one or more hydrogen-selective membranes 46. Membrane 
module 44 is discussed and illustrated in more detail subsequently. 

Reformer 30 may, but does not necessarily, further include a 
polishing region 48, such as shown in Fig. 4. Polishing region 48 receives 
hydrogen-rich stream 42 from separation region 38 and further purifies the stream 

10 by reducing the concentration of, or removing, selected compositions therein. For 
example, when stream 42 is intended for use in a fuel cell stack, such as stack 22, 
compositions that may damage the fuel cell stack, such as carbon monoxide and 
carbon dioxide, may be removed from the hydrogen-rich stream. The 
concentration of carbon monoxide should be less than 10 ppm (parts per million) 

15 to prevent the control system from isolating the fuel cell stack. Preferably, the 
system limits the concentration of carbon monoxide to less than 5 ppm, and even 
more preferably, to less than 1 ppm. The concentration of carbon dioxide may be 
greater than that of carbon monoxide. For example, concentrations of less than 
25% carbon dioxide may be acceptable. Preferably, the concentration is less than 

20 10%, even more preferably, less than 1%. Especially preferred concentrations are 
less than 50 ppm. It should be understood that the acceptable minimum 
concentrations presented herein are illustrative examples, and that concentrations 



other than those presented herein may be used and are within the scope of the 
present invention. For example, particular users or manufacturers may require 
minimum or maximum concentration levels or ranges that are different than those 
identified herein. 

5 Region 48 includes any suitable structure for removing or reducing 

the concentration of the selected compositions in stream 42. For example, when 
the product stream is intended for use in a PEM fuel cell stack or other device that 
will be damaged if the stream contains more than determined concentrations of 
carbon monoxide or carbon dioxide, it may be desirable to include at least one 

10 methanation catalyst bed 50. Bed 50 converts carbon monoxide and carbon 
dioxide into methane and water, both of which will not damage a PEM fuel cell 
stack. Polishing region 48 may also include another hydrogen-producing device 
52, such as another reforming catalyst bed, to convert any unreacted feedstock into 
hydrogen gas. In such an embodiment, it is preferable that the second reforming 

15 catalyst bed is upstream from the methanation catalyst bed so as not to reintroduce 
carbon dioxide or carbon monoxide downstream of the methanation catalyst bed. 

Steam reformers typically operate at temperatures in the range of 
200° C and 700° C, and at pressures in the range of 50 psi and 1000 psi, although 
temperatures outside of this range are within the scope of the invention, such as 

20 depending upon the particular type and configuration of fuel processor being used. 
Any suitable heating mechanism or device may be used to provide this heat, such 
as a heater, burner, combustion catalyst, or the like. The heating assembly may be 



external the fuel processor or may form a combustion chamber that forms part of 
the fuel processor. The fuel for the heating assembly may be provided by the fuel 
processing system, or fuel cell system, by an external source, or both. 

In Figs. 3 and 4, reformer 30 is shown including a shell 31 in which 

5 the above-described components are contained. Shell 31, which also may be 
referred to as a housing, enables the fuel processor, such as reformer 30, to be 
moved as a unit. It also protects the components of the fuel processor from 
damage by providing a protective enclosure and reduces the heating demand of the 
fuel processor because the components of the fuel processor may be heated as a 

10 unit. Shell 31 may, but does not necessarily, include insulating material 33, such 
as a solid insulating material, blanket insulating material, or an air- filled cavity. It 
is within the scope of the invention, however, that the reformer may be formed 
without a housing or shell. When reformer 30 includes insulating material 33, the 
insulating material may be internal the shell, external the shell, or both. When the 

15 insulating material is external a shell containing the above-described reforming, 
separation and/or polishing regions, the fuel processor may further include an 
outer cover or jacket external the insulation. 

It is further within the scope of the invention that one or more of the 
components may either extend beyond the shell or be located external at least shell 

20 31. For example, and as schematically illustrated in Fig. 4, polishing region 48 
may be external shell 31 and/or a portion of reforming region 32 may extend 
beyond the shell. 



Although fuel processor 12, feed stream delivery system 17, fuel cell 
stack 22 and energy-consuming device 25 may all be formed from one or more 
discrete components, it is also within the scope of the invention that two or more 
of these devices may be integrated, combined or otherwise assembled within an 

5 external housing or body. For example, a fuel processor and feed stream delivery 
system may be combined to provide a hydrogen-producing device with an on- 
board, or integrated, feed stream delivery system, such as schematically illustrated 
at 26 in Fig. 1 . Similarly, a fuel cell stack may be added to provide an energy- 
generating device with an integrated feed stream delivery system, such as 

10 schematically illustrated at 27 in Fig. 1 . 

Fuel cell system 10 may additionally be combined with an energy- 
consuming device, such as device 25, to provide the device with an integrated, or 
on-board, energy source. For example, the body of such a device is schematically 
illustrated in Fig. 1 at 28. Examples of such devices include a motor vehicle, such 

15 as a recreational vehicle, automobile, boat or other seacraft, and the like, a 
dwelling, such as a house, apartment, duplex, apartment complex, office, store or 
the like, or a self-contained equipment, such as an appliance, light, tool, 
microwave relay station, transmitting assembly, remote signaling or 
communication equipment, etc. 

20 It is within the scope of the invention that the above-described fuel 

processor 12 may be used independent of a fuel cell stack. In such an 
embodiment, the system may be referred to as a fuel processing system, and it may 



be used to provide a supply of pure or substantially pure hydrogen to a hydrogen- 
consuming device, such as a burner for heating, cooking or other applications. 
Similar to the above discussion about integrating the fuel cell system with an 
energy-consuming device, the fuel processor and hydrogen-consuming device may 

5 be combined, or integrated. 

It is also within the scope of the present invention that the membrane 
modules disclosed herein may be used as a hydrogen purifier independent of a fuel 
processor or fuel cell stack. An example of a membrane module 44 configured for 
use as a hydrogen-purifier is schematically illustrated in Fig. 5 and generally 

10 indicated at 60. As shown, a mixed gas stream 61 containing hydrogen gas 62 and 
other gases 63 is delivered to purifier 60, which contains a membrane module 44 
constructed according to the present invention. The membrane module contains at 
least one hydrogen-selective membrane 46, and separates the mixed gas stream 
into a product stream 64 containing at least substantially hydrogen gas and a 

15 byproduct stream 65 containing at least substantially the other gases. Another way 
to describe the purifier is that the product stream contains at least a substantial 
portion of the hydrogen gas in the mixed gas stream and that the byproduct stream 
contains at least a substantial portion of the other gases. Similar to the fuel 
processors and fuel cell systems discussed above, purifier 60 may be integrated 

20 with a hydrogen-producing device to provide a hydrogen-producing device with 
an integrated hydrogen purifier and/or with a hydrogen-consuming device to 
provide a hydrogen-consuming device with an integrated hydrogen purifier. 

15 



It should be understood that the hydrogen purity of the product 
stream, the hydrogen content of the byproduct stream, the percentage of hydrogen 
from the mixed gas stream that forms the byproduct stream, and similar 
compositions of the product and byproduct streams may be selectively varied 

5 depending upon the construction of the membrane module and/or the operating 
conditions within which the membrane module is used. For example, the 
compositions of the product and byproduct streams may vary at least partially in 
response to at least the following factors: the temperature of the membrane 
module, the pressure of the membrane module, the composition of the hydrogen- 

10 selective membrane, the state of wear of the hydrogen-selective membrane, the 
thickness of the hydrogen-selective membrane, the composition of the mixed gas 
stream, the number of hydrogen-selective membranes used in the membrane 
module, and the number of sequential membranes through which the mixed gas, 
product and/or byproduct streams may pass. 

15 As discussed, a suitable structure for use in separation region 38 is a 

membrane module 44, which contains one or more hydrogen-permeable and 
hydrogen-selective membranes 46. The membranes may be formed of any 
hydrogen- selective material suitable for use in the operating environment and 
conditions in which the membrane module is operated, such as in a purifier, fuel 

20 processor or the like. Examples of suitable materials for membranes 46 are 
palladium and palladium alloys, and especially thin films of such metals and metal 
alloys. Palladium alloys have proven particularly effective, especially palladium 



with 35 wt% to 45 wt% copper, such as palladium with approximately 40 wt% 
copper. These membranes are typically formed from a thin foil that is 
approximately 0.001 inches thick. It is within the scope of the present invention, 
however, that the membranes may be formed from hydrogen-selective metals and 

5 metal alloys other than those discussed above and that the membranes may have 
thicknesses that are larger or smaller than discussed above. For example, the 
membrane may be made thinner, with commensurate increase in hydrogen flux. 
Suitable mechanisms for reducing the thickness of the membrane include rolling, 
sputtering and etching. A suitable etching process is disclosed in U.S. Patent No. 

10 6,152,995, the complete disclosure of which is hereby incorporated by reference. 

The hydrogen-permeable membranes may be arranged in pairs 
around a common permeate channel to form a membrane envelope, as is disclosed 
in the incorporated patent applications and as schematically illustrated in Fig. 6 at 
66. In such a configuration, the membrane pairs may be referred to as a 

15 membrane envelope, in that they define a common permeate channel, or 
harvesting conduit, through which the permeated gas may be collected and 
removed to form hydrogen-rich stream 42 (or product hydrogen stream 14 or 
purified hydrogen stream 64, depending on the particular implementation of the 
membrane module). 

20 It should be understood that the membrane pairs may take a variety 

of suitable shapes, such as planar envelopes and tubular envelopes. Similarly, the 
membranes may be independently supported, such as with respect to an end plate 



or around a central passage. For purposes of illustration, the following description 
and associated illustrations will describe the membrane module as including one 
or more membrane envelopes 66. It should be understood that the membranes 
forming the envelope may be two separate membranes, or may be a single 
5 membrane folded, rolled or otherwise configured to define two membrane regions, 
or surfaces, 67 with permeate faces 68 that are oriented toward each other to 
define a conduit 69 therebetween from which the permeate gas may be collected 
and withdrawn. 

To support the membranes against high feed pressures, a support, or 
10 screen structure, 70 is used. Screen structure 70 provides support to the hydrogen- 
selective membranes, and more particularly includes surfaces 71 that against 
which the permeate sides 68 of the membranes are supported. Screen structure 70 
also defines harvesting conduit 69, through which permeated gas may flow both 
transverse and parallel to the surface of the membrane through which the gas 
15 passes, such as schematically illustrated in Fig. 6. The permeate gas, which is at 
least substantially pure hydrogen gas, may then be harvested or otherwise 
withdrawn from the membrane module, such as to form streams 42, 64, and/or 14. 
Because the membranes lie against the screen structure, it is preferable that the 
screen structure does not obstruct the flow of gas through the hydrogen-selective 
20 membrane. The gas that does not pass through the membranes forms one or more 
byproduct streams, as schematically illustrated in Fig. 6. 



To reiterate, the membrane module discussed herein may include 
one or more membrane envelopes 66, typically along with suitable input and 
output ports through which the mixed gas stream, such as reformate stream 36 or 
mixed gas stream 61, is delivered to the membrane module and from which the 

5 hydrogen-rich and byproduct streams are removed. In some embodiments, the 
membrane module may include a plurality of membrane envelopes. When the 
membrane module includes a plurality of membrane envelopes, the module may 
include fluid conduits interconnecting the envelopes, such as to deliver a mixed 
gas stream thereto, to withdraw purified hydrogen gas therefrom, and/or to 

10 withdraw the gas that does not pass through the membranes from the membrane 
module. When the membrane module includes a plurality of membrane 
envelopes, the permeate stream, byproduct stream, or both, from a first membrane 
envelope may be sent to another membrane envelope for further purification. 

An embodiment of a suitable screen structure 70 is shown in Figs. 7 

15 and 8 and generally indicated at 72. Screen structure 72 includes plural screen 
members 73. In the illustrated embodiment, the screen members include a coarse 
mesh screen 74 sandwiched between fine mesh screens 76. It should be 
understood that the terms "fine" and "coarse" are relative terms. Preferably, the 
outer screen members are selected to support membranes 46 without piercing the 

20 membranes and without having sufficient apertures, edges or other projections that 
may pierce, weaken or otherwise damage the membrane under the operation 
conditions with which the membrane module is used. Because the screen structure 
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needs to provide for flow of the permeated gas generally parallel to the 
membranes, it is preferable to use a relatively coarser inner screen member to 
provide for enhanced parallel flow conduits. In other words, the finer mesh 
screens provide better protection for the membranes, while the coarser mesh 

5 screen provides better flow generally parallel to the membranes. 

According to the method of the present invention, an adhesive, such 
as a contact adhesive, is used to secure membranes 46 to the screen structure 
during fabrication. An example of a suitable adhesive is sold by 3M under the 
trade name SUPER 77. An adhesive may additionally or alternatively be used to 

10 adhere the fine mesh screens to coarse mesh screen 74 during assembly. In Fig. 7, 
reference numerals 78 and 80 are used to indicate respectively adhesive joining 
membrane 46 with screen structure 70 and individual screen members 73. It 
should be understood that adhesives 78 and 80 may have the same or different 
compositions, thicknesses and/or application methods. 

15 The use of adhesive 78 allows the sandwiched screen structure to be 

retained as a unit in a selected configuration, such as the flat, planar configuration 
shown in Figs. 7 and 8. The use of adhesive 80 allows the thin membranes to be 
firmly attached to the screen structure without any wrinkles in the membrane. It is 
important that these components be held flat and in close contact during assembly 

20 of the membrane module. If the membrane buckles, or if the screen structure 
buckles, then a wrinkle will form in the membrane during use. Similarly, if the 
membranes are improperly positioned relative to the screen structure, wrinkles 



may also occur, such as when the membrane module is pressurized. As pointed 
out above, wrinkles in the membrane lead to stress fractures and fatigue fractures, 
causing failure of the membrane module and contamination of the purified gas 
stream. 

5 In practice, a light coating of contact adhesive 78 is sprayed or 

otherwise applied to the two opposing major surfaces of the coarse mesh screen 74 
and then fine mesh screens 76 are attached, one to each major surface of the coarse 
screen. Adhesive 78 holds screen structure 72 together. Alternatively, the 
adhesive may be applied to screens 76 instead of being applied to the coarse 

10 screen. Similarly, adhesive 80 is applied between the corresponding surfaces of 
the fine mesh screens and hydrogen-selective membranes 46 may then be 
adhesively secured to the opposed surfaces of the fine mesh screens. As discussed 
herein, the adhesive is at least substantially, or completely, removed after 
fabrication of the membrane envelope and/or membrane modules so as to not 

15 interfere with the operation of the membrane envelopes. 

It is within the scope of the invention that the screen members may 
be of similar or the same construction, and that more or less screen members may 
be used. It is also within the scope of the invention that any suitable supporting 
medium that enables permeated gas to flow in the harvesting conduit generally 

20 parallel and transverse to the membranes may be used. For example, porous 
ceramics, porous carbon, porous metal, ceramic foam, carbon foam, and metal foam 
may be used to form screen structure 70, either alone, or in combination with one or 



more screen members 73. As another example, fine mesh screens 76 may be 
formed from expanded metal instead of a woven mesh material. Preferably, 
screen structure 70 is formed from a corrosion-resistant material that will not 
impair the operation of the membrane module and devices with which the 

5 membrane module is used. Examples of suitable materials for metallic screen 
members include stainless steels, titanium and alloys thereof, zirconium and alloys 
thereof, corrosion-resistant alloys, including Inconel™ alloys, such as 800H™, 
and Hastelloy™ alloys, and alloys of copper and nickel, such as Monel™. 

An example of an expanded metal screen member is shown in Fig. 9 

10 and generally indicated at 82. Expanded metal sheets include a latticework 83 of 
metal that defines a plurality of apertures 84 through which permeated gas may 
flow. Although other processes may be used, expanded metal sheets may be 
formed from scoring a sheet of metal and then stretching the metal to provide 
apertures, such as apertures 84 at the scores. It should be understood that the 

15 expanded metal screen member has been schematically illustrated in Fig. 9, and 
that the actual shape of the apertures may vary and will often have shapes that 
generally resemble diamonds, parallelograms or other geometric shapes, for 
example as shown in Fig. 12. The sheet may also include a solid perimeter region 
86, which is advantageous because it is free from projections, burrs, or other wire 

20 ends that may be present in woven mesh screen members and which may pierce or 
otherwise damage the hydrogen-selective membranes. Although only a portion of 
expanded metal screen member 82 is shown in Fig. 9, the perimeter region 86 of 



the screen member may extend all the way around the screen member. 
Alternatively, only the perimeter regions that contact membranes 46 may be solid 
surfaces. 

All of the foregoing metallic screen compositions may include a 

5 coating 85 on the surface against which the permeate sides of the membranes are 
supported (such as shown in Fig. 8). Examples of suitable coatings include 
aluminum oxide, tungsten carbide, tungsten nitride, titanium carbide, titanium 
nitride, and mixtures thereof. These coatings are generally characterized as being 
thermodynamically stable with respect to decomposition in the presence of 

10 hydrogen. Suitable coatings are formed from materials, such as oxides, nitrides, 
carbides, or intermetallic compounds, that can be applied as a coating and which 
are thermodynamically stable with respect to decomposition in the presence of 
hydrogen under the operating parameters (temperature, pressure, etc.) in which the 
membrane module will be subjected. Alternatively, the coating may be applied to 

15 an expanded metal screen member that is used in place of a fine mesh screen, in 
which case the coating would be applied to at least the surface of the expanded 
mesh that will contact the hydrogen-selective membrane 46. Suitable methods for 
applying such coatings to the screen or expanded metal screen member include 
chemical vapor deposition, sputtering, thermal evaporation, thermal spraying, and, 

20 in the case of at least aluminum oxide, deposition of the metal (e.g., aluminum) 
followed by oxidation of the metal to give aluminum oxide. In at least some 



23 



embodiments, the coatings may be described as preventing intermetallic diffusion 
between the hydrogen-selective membranes and the screen structure. 

Preferably, the screen structure and membranes are incorporated into 
a membrane module that includes frame members 88 that are adapted to seal, 

5 support and/or interconnect the membrane envelopes for use in fuel processing 
systems, gas purification systems, and the like. Fine mesh metal screen 76 fits 
within permeate frame 90. Expanded metal screen member 86 may either fit 
within permeate frame 90 or extend at least partially over the surface of permeate 
frame 90. Examples of suitable frame members 88 include supporting frames 

10 and/or gaskets. These frames, gaskets or other support structures may also define, 
at least in part, the fluid conduits that interconnect the membrane envelopes in an 
embodiment of membrane module 44 that contains two or more membrane 
envelopes. Examples of suitable gaskets are flexible graphite gaskets, although 
other materials may be used, such as depending upon the operating conditions in 

15 which a particular membrane module is used. 

An example of a membrane envelope 66 that includes frame 
members 88 is shown in Fig. 12. As shown, screen structure 70 is placed in a 
permeate frame 90 that forms a portion of membrane module 44. The screen 
structure and frame 90 may collectively be referred to as a screen frame or 

20 permeate frame 91. Permeate gaskets 92 and 92 f are attached to permeate frame 
90, preferably but not necessarily, by using another thin application of adhesive. 
Next, membranes 46 are attached to screen structure 70 using a thin application of 



adhesive, such as by spraying or otherwise applying the adhesive to either or both 
of the membrane and/or screen structure. Care should be taken to ensure that the 
membranes are flat and firmly attached to the corresponding screen member 73. 
Finally, feed plates, or gaskets, 94 and 94' are optionally attached, such as by using 

5 another thin application of adhesive. The resulting membrane assembly is then 
stacked with feed, or end, plates to form membrane module 44. Optionally, two or 
more membrane envelopes may be stacked between the end plates. 

Optionally, each membrane 46 may be fixed to a frame 104, such as 
a metal frame and such as shown in Fig. 11. If so, the membrane is fixed to the 

10 frame, for instance by ultrasonic welding or another suitable attachment 
mechanism, and the membrane-frame assembly is then attached to screen structure 
70 using adhesive. Other examples of attachment mechanisms achieve gas-tight 
seals between plates forming membrane envelope 66, as well as between the 
membrane envelopes, include one or more of brazing, gasketing, and welding. The 

15 membrane and attached frame may collectively be referred to as a membrane 
plate 96. 

For purposes of illustration, the geometry of fluid flow through 
membrane envelope 66 is described with respect to the embodiment of envelope 
66 shown in Fig. 10. As shown, a mixed gas stream, such as reformate stream 36, 
20 is delivered to the membrane envelope and contacts the outer surfaces 97 of 
membranes 46. The hydrogen gas that permeates through the membranes enters 
harvesting conduit 69, which is formed between the permeate faces 68 of the 



membranes. The harvesting conduit is in fluid communication with conduits 100 
through which the permeate stream may be withdrawn from the membrane 
envelope. The portion of the mixed gas stream that does not pass through the 
membranes flows to a conduit 98 through which this gas may be withdrawn as 

5 byproduct stream 40. In Fig. 10, a single byproduct conduit 98 is shown, while in 
Fig. 11 a pair of conduits 98 and 102 are shown to illustrate that any of the 
conduits described herein may alternatively include more than one fluid passage. 
It should be understood that the arrows used to indicate the flow of streams 40 and 
42 have been schematically illustrated, and that the direction of flow through 

10 conduits 98, 100 and 102 may vary, such as depending upon the configuration of a 
particular membrane module. Also shown in Fig. 10 are other illustrative 
examples of frame members 88, and in Fig. 1 1 frame members 88 and membrane 
plates 96 are shown. 

In Fig. 12, another example of a suitable membrane envelope 66 is 

15 shown. For purposes of illustration, envelope 66 is shown having a generally 
rectangular form. The envelope of Fig. 12 also provides another example of a 
membrane envelope having a pair of byproduct conduits 98 and 102 and a pair of 
hydrogen conduits 100. As shown, envelope 66 includes gaskets or spacer plates 94 
as the outer most plates in the stack. Generally, each of spacer plates includes a 

20 frame 106 that defines an inner open region 108. Each inner open region 108 
couples laterally to conduits 98 and 102. Conduits 100, however, are closed relative 
to open region 108, thereby isolating the hydrogen-rich stream 42. Membrane plates 



96 lie adjacent and interior to plates 94. Membrane plates 96 each include as a 
central portion thereof a hydrogen-selective membrane 46, which may be secured to 
an outer frame 104 that is shown for purposes of illustration. In plates 96, all of the 
ports are closed relative to membrane 46. Each membrane lies adjacent to a 

5 corresponding one of open regions 108, i.e., adjacent to the flow of mixed gas 
arriving to the envelope. This provides opportunity for hydrogen to pass through the 
membrane, with the remaining gases, i.e., the gases forming byproduct stream 40, 
leaving open region 108 through conduit 102. Screen plate 91 lies intermediate 
membrane plates 96, i.e., on the interior or permeate side of each of membranes 46. 

10 Screen plate 91 includes a screen structure 70. Conduits 98 and 102 are closed 
relative to the central region of screen plate 91, thereby isolating the byproduct 
stream 40 and the reformate-rich flow 36 from hydrogen-rich stream 42. Conduits 
100 are open to the interior region of screen plate 91. Hydrogen, having passed 
through the adjoining membranes 46, travels along and through screen structure 70 

15 to conduits 100 and eventually to an output port as the hydrogen-rich stream 42. 

As discussed, membrane module 44 may include one or more 
membrane envelopes in which the membranes have been adhesively bonded to the 
screen structure, and/or in which the screen structure includes two or more screen 
members 83 that are adhesively bonded together. Typically, the membrane 

20 module further includes end plates having input and output ports through which 
the mixed gas, product (or hydrogen-rich) and byproduct streams are removed 
from the membrane module. An example of a suitable membrane module is 



shown in Fig. 13 in the form of a plate membrane module. As shown, the module 
contains end plates 110 between which one or more membrane envelopes 66 are 
contained. In the illustrated embodiment, three membrane envelopes are shown 
for purposes of illustration, but it should be understood that more or less envelopes 

5 may be used. The membrane envelopes are in fluid communication with at least 
one of the end plates, through which the mixed gas stream is delivered and from 
which the byproduct 40 and hydrogen-rich 42 streams are removed. 

As shown in the illustrative embodiment of Fig. 13, one of the end 
plates contains a reformate input port 112 for a mixed gas stream, such as 

10 reformate stream 36 or any of the other feeds to the membrane modules discussed 
herein. The end plates further include a pair of exit ports 114 for permeate, or 
hydrogen-rich, stream 42 and an exit port 1 16 for byproduct stream 40. It should 
be understood that the number and sizing of the ports for each stream may vary, 
and that at least one of the ports may be contained on the other end plate or 

15 elsewhere on the membrane module, such as on a housing 118 between the end 
plates, such as shown in Fig. 15. As shown, the membrane envelopes include 
conduits 98, 100 and 102 that establish fluid communication with the input and 
exit ports and between the membrane envelopes. When membrane envelopes 66 
are stacked, these various ports align and provide fluid conduits. 

20 In operation, reformate gas is introduced to the membrane module 

through port 112 and is delivered to the membrane envelopes. Hydrogen gas that 
passes through the hydrogen-selective membranes 46 flows to conduits 100 and is 



removed from the membrane module through ports 1 14. The rest of the reformate 
gases, namely the portion that does not pass through the hydrogen-selective 
membranes, flows to conduit 102 and is removed from the membrane module as 
byproduct stream 40 through port 116. 

It should be understood that the geometry of the frame members, 
gaskets, membranes and screen members shown in the Figs. 7-13 are provided as 
illustrative examples, and it should be understood that these components may be 
of any suitable shape. For example, illustrations of circular and rectangular plate 
membrane envelopes are illustrated in Figs. 10-13 for purposes of illustration. 
Other shapes, and other configurations, such as tubular configurations, are also 
within the scope of the present invention. Similarly, the configuration and 
orientation of the passages through the gaskets and plates may vary, depending 
upon the particular application with which the membrane module will be used. 

Membrane modules containing the palladium alloy membranes that 
are adhesively bonded to screen structure 70 preferably are subjected to oxidizing 
conditions prior to initial operation of the membrane module to remove the 
adhesive. If adhesive is not fully removed prior to operation, the carbon residue 
from the adhesive can alloy with the palladium-alloy membrane and cause a 
decline in hydrogen permeability. In extreme cases, carbon alloying with the 
palladium-alloy membrane can form a brittle alloy that physically fails under 
operating conditions. 
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The objective of the oxidative conditioning is to burn out the 
adhesive without excessively oxidizing the palladium-alloy membrane. One set of 
suitable conditions using the above membrane compositions and adhesive is to 
heat the membrane module to 200° C while passing air over both the feed side and 

5 the permeate side of the membrane. A preferred method is to heat the membrane 
module to 200° C while the feed side is pressurized to a pressure greater than the 
permeate side of the membranes using a slow purge of air (>1 mL/min). Pressures 
in the range of approximately 50 psig to approximately 200 psig have proven 
effective. Air at approximately ambient pressure is passed over the permeate side 

10 of the membrane at a rate >1 mL/min. These conditions are maintained for 
approximately 15-25 hours. Then the temperature is increased to 400° C, while 
maintaining air pressure and flow rate over the feed and permeate sides of the 
membranes. The temperature is held at 400° C for approximately 2-5 hours. After 
completing this oxidative conditioning of the membrane module, the adhesive has 

15 been burned out of the membrane module and the module is ready to accept a 
hydrogen-containing feed stream to be purified. Experiments have shown that 
these methods result in membrane modules containing membranes that are free of 
wrinkles and without excessive carbon contamination. 

It should be understood that the conditions described above were 

20 presented to provide an illustrative example and that the operating conditions may 
vary. For example, different conditions may be used because of such factors as 
different membrane compositions, different membrane thicknesses, and different 
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adhesives. Similarly, the invented method using an adhesive to secure hydrogen- 
selective membranes on one or more support screens may be used with 
purification assemblies other than the fuel processing assemblies described herein 
and in the incorporated patent applications. 

An example of a fuel processor 12 containing a membrane module 
44 according to the present invention is shown in Fig. 14. In the illustrated 
embodiment, fuel processor 12 is shown as a steam reformer 30 that contains 
reforming catalyst 34. Alternatively, reformer 30 may be an autothermal reformer 
that contains an autothermal reforming catalyst bed. It should be understood that 
fuel processor 12 may be any device adapted to produce hydrogen gas, such as 
those discussed herein. 

In the embodiment of steam reformer 30 shown in Fig. 14, a feed 
stream 16 is delivered to a vaporization region 150, which as shown contains a 
vaporization coil 1 5 1 in which the feed stream is vaporized. For a steam reformer, 
a suitable feed stream includes water and a carbon-containing feedstock, such as 
one or more alcohols or hydrocarbons. When the carbon-containing feedstock is 
miscible with water, the feedstock and water may be mixed and then vaporized. 
When the carbon-containing feedstock is not miscible with water, the water is 
typically vaporized and then mixed with the carbon-containing feedstock. In the 
illustrated embodiment, vaporization coil 151 is contained within the shell 31 of 
the reformer. It is within the scope of the invention that the vaporization region 
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(and coil) may be located external the shell of the fuel processor, such as 
extending around the shell or otherwise located outside of the shell. 

The vaporized feed stream is then delivered to hydrogen-producing 
region 32, which in the context of a reformer, contains at least one reforming 

5 catalyst bed. The reformate stream, which is a mixed gas stream containing 
hydrogen gas and other gases, 36 is then delivered to membrane module 44, which 
separates the mixed gas stream into hydrogen-rich stream 42 and byproduct stream 
40, as discussed above. The illustrated reformer demonstrates that the byproduct 
stream may be used to provide some or all of the fuel for the reformer's heating 

10 assembly 152. Heating assembly 152 includes a heating element 153, which in the 
illustrated embodiment takes the form of a spark plug. Examples of other suitable 
heating elements include glow plugs, pilot lights, combustion catalysts, resistance 
heaters, and combinations thereof, such as a glow plug in combination with a 
combustion catalyst. 

15 Heating assembly 152 consumes a fuel stream 154, which may be a 

combustible fuel stream or an electric current, depending upon the type of heating 
element used in the heating assembly. In the illustrated embodiment, the heating 
assembly forms part of a combustion chamber, or region, 155, and the fuel stream 
includes a combustible fuel and air from an air stream 156. The fuel may come 

20 from an external source, such as schematically illustrated at 157, or may be at least 
partially formed from the byproduct stream 40 from membrane module 44. It is 
within the scope of the invention that at least a portion of the fuel stream may also 



be formed from product hydrogen stream 14. In the illustrated embodiment, the 
exhaust from combustion region 155 flows through heating conduits 158 in 
reforming region 32 to provide additional heating to the reforming region. 
Conduits 158 may take a variety of forms, including finned tubes and spirals, to 

5 provide sufficient surface area and desirable uniform distribution of heat 
throughout reforming region 32. 

In Fig. 15, another illustrative example of a steam reformer 
containing a membrane module 44 constructed according to the present invention 
is shown. As shown, the reforming region includes a plurality of reforming 

10 catalyst tubes 162 that contain reforming catalyst 34. The vaporized feed stream 
from vaporization region 150 is delivered to tubes 162 via a manifold 172 that 
distributes the feed stream between reforming catalyst tubes. As shown in dashed 
lines in Fig. 15, the manifold may alternatively be located external shell 31 to 
enable access to the manifold from external the shell, such as to adjust the relative 

15 distribution of the vaporized feed stream between the reforming catalyst tubes. 
Similarly, portions 160 of the reforming catalyst tubes are also shown extending 
beyond shell 3 1 . 

The steam reformer of Fig. 1 5 also provides an example of a fuel 
processor 12 in which the byproduct stream may be either used as a portion of fuel 
20 stream 154 for combustion region 155, vented (such as through pressure-relief 
valve assembly 164), or delivered through fluid conduit 166 for storage or use 
outside of fuel processor 12. Also shown in Fig. 15 are flow regulators 168 for 



heat produced by heating assembly 152 in combustion region 155. In the 
illustrated embodiment, regulators 168 take the form of apertures in a combustion 
manifold 170. The apertures regulate the path along which combustion exhaust 
travels from combustion region 155 and through reforming region 32. Examples 

5 of suitable placement of the apertures include one or more apertures distal heating 
assembly 152, and a plurality of apertures distributed along the length of manifold 
170. When a distribution of spaced-apart apertures is used, the apertures may be 
evenly spaced, or the openings may be more prevalent distal the burner. Similarly, 
the size of the apertures may be uniform, or may vary, such as using larger 

10 apertures away from heating assembly 1 52. 

It should be understood that the steam reformers shown in Figs. 14 
and 15 are shown and described for purposes of illustration and should not be 
construed as providing exclusive embodiments of fuel processors or steam 
reformers with which the invented membrane modules may be used. Instead, the 

15 structure and components of reformers and fuel processors containing membrane 
modules according to the invention may vary. 

As discussed above, membranes 46 may be formed from a variety of 
materials and by a variety of methods, including a method that involves etching a 
membrane to reduce the thickness of at least a portion thereof to increase the 

20 hydrogen-permeability of the membrane. Although not required for the above- 
described membrane envelopes, modules, hydrogen purifiers, and the like, etching 
a hydrogen-permeable (and selective) membrane to reduce the thickness of at least 



a portion thereof has been demonstrated to effectively increase the hydrogen flux 
through the membrane compared to a membrane that has not been etched. 

An unetched hydrogen-permeable membrane is shown in Fig. 16 and 
indicated generally at 210. As discussed, membrane 210 may, but is not required 

5 to, represent any of the previously described and illustrated membranes 46. 
Similarly, the subsequently described etched membrane 230 may, but is not 
required to, take the place of any of the previously described, illustrated and/or 
incorporated membranes. Membrane 210 includes a pair of generally opposed 
surfaces 212 and 214 and an edge 216 joining the perimeters of the surfaces. Each 

10 surface 212 and 214 includes an outer edge region 218 that surrounds a central 
region 220. Membrane 210 is typically roll formed and, as shown, has a generally 
rectangular, sheet-like configuration with a constant thickness. It should be 
understood that membrane 210 may have any geometric or irregular shape, such as 
by cutting the formed membrane into a desired shape based on user preferences or 

15 application requirements. It is within the scope of the invention that any suitable 
method for forming membrane 210 may be used. For example, membrane 210 
may also be formed from such processes as electro deposition, sputtering or vapor 
deposition. 

In Fig. 17, membrane 210 is shown in cross-section, and it can be 
20 seen that the thickness 222 of the membrane measured between the central regions 
is the same as the thickness 224 measured between the edge regions. In the 
figures, it should be understood that the thicknesses of the membranes and 



subsequently described absorbent media and frame have been exaggerated for 
purposes of illustration. Typically, hydrogen-permeable membranes have 
thicknesses less than approximately 50 microns, although the disclosed etching 
process may be used with thicker membranes. 

5 Also shown in Fig. 17 is a portion of a frame 226, which may be 

secured to the membrane, such as around a portion or the entire edge region 218. 
Frame 226 is formed from a more durable material than the membrane and 
provides a support structure for the membrane. Frame 226 may be secured to one 
or both surfaces of the membrane. It should be understood that the invented 

10 membrane may be formed without frame 226. In another variation, frame 226 
may take the form of a compressible gasket that is secured to the membrane, such 
as with an adhesive or other suitable structure or process. Compressible gaskets 
are used to form gas-tight seals around and/or between the membranes. 

In use, membrane 210 provides a mechanism for removing hydrogen 

15 from mixtures of gases because it selectively allows hydrogen to permeate through 
the membrane. The flowrate, or flux, of hydrogen through membrane 210 
typically is accelerated by providing a pressure differential between a mixed 
gaseous mixture on one side of the membrane, and the side of the membrane to 
which hydrogen migrates, with the mixture side of the membrane being at a higher 

20 pressure than the other side. 

Membrane 210 is formed of a hydrogen-permeable metal or metal 
alloy, such as palladium or a palladium alloy. An example of such an alloy is 
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comprised of 60 wt% palladium and 40 wt% copper (generally known as 
Pd-40Cu). Because palladium and palladium alloys are expensive, the thickness 
of the membrane should be minimal; i.e., as thin as possible without introducing 
an excessive number of holes in the membrane. Holes in the membrane are not 
5 desired because holes allow all gaseous components, including impurities, to pass 
through the membrane, thereby counteracting the hydrogen-selectivity of the 
membrane. 

It is known to roll form hydrogen-permeable metal membranes, such 
as membrane 210, to be very thin, such as with thicknesses of less than 
10 approximately 50 microns, and more commonly with thicknesses of approximately 
25 microns. The flux through a hydrogen-permeable metal membrane is inversely 
proportional to the membrane thickness. Therefore, by decreasing the thickness of 
the membrane, it is expected that the flux through the membrane will increase, and 
vice versa. In Table 1 , below, the expected flux of hydrogen through various 
15 thicknesses of Pd-40Cu membranes is shown. 

TABLE 1 

Expected hydrogen flux through Pd-40Cu 
membranes at 400 °C and 100 psig hydrogen 
feed, permeate hydrogen at ambient pressure. 

20 



Membrane 
Thickness 


Expected Hydrogen Flux 


25 micron 


60 mL/cm 2 *min 


17 micron 


88 mL/cm 2 *min 


1 5 micron 


100 mL/cm 2 *min 



Besides the increase in flux obtained by decreasing the thickness of 
the membrane, the cost to obtain the membrane also increases as the membrane's 
thickness is reduced. Also, as the thickness of a membrane decreases, the 
membrane becomes more fragile and difficult to handle without damaging. 

5 Through the etching process, or method, of the present invention, 

discussed in more detail subsequently, the thickness of a portion of the membrane, 
such as central portion 220, may be selectively reduced, while leaving the 
remaining portion of the membrane, such as edge region 218, at its original 
thickness. Therefore, greater flux is obtained in the thinner etched region, while 

10 leaving a thicker, more durable edge region that bounds the central region and 
thereby provides support to the membrane. 

For example, an etched membrane prepared according to an etching 
method of the present invention is shown in Fig. 18 and illustrated generally at 
230. Like membrane 210, membrane 230 includes a pair of generally opposed 

15 surfaces 232 and 234 and an edge 236 joining the surfaces. Each surface 232 and 
234 includes an outer edge region 238 that surrounds a central region 240. 
Membrane 230 is formed from any of the above-discussed hydrogen-permeable 
metal materials, and may have any of the above-discussed configurations and 
shapes. The etching process works effectively on work-hardened, or non-annealed 

20 membranes. Alternatively, the membranes may be annealed prior to the etching 
process. Unlike membrane 210, however, the thickness 242 of membrane 230 
measured between central regions 240 is less than the thickness 244 measured 



between the edge regions, as schematically illustrated in Fig. 19. Therefore, the 
hydrogen flux through the central region will be greater than that through the edge 
region, as expected from the above discussion of the inversely proportional 
relationship between membrane thickness and hydrogen flux. 

However, an unexpected benefit of chemically etching the 
membrane, as disclosed herein, is that the hydrogen flux through the etched region 
exceeds that expected or measured through roll-formed membranes of equal 
thickness. As shown below in Table 2, the method of the present invention yields 
a hydrogen-permeable metal membrane with significantly greater flux than 
unetched membranes of similar thicknesses. 

TABLE 2 

Hydrogen flux through etched and unetched Pd-40Cu 
membranes at 400 °C and 100 psig hydrogen feed, permeate 
hydrogen at ambient pressure. Aqua regia etchant. 



Etching 
Time 


Membrane 
Thickness 


Observed 
Hydrogen Flux 


Expected 
Hydrogen Flux 


None 


25 micron 


60 mL/cm 2 «min 


60 mL/cm 2 *min 


2.0 
mins. 


17 micron 


94 mL/cm 2 *min 


88 mL/cm 2 «min 


2.5 
mins. 


1 5 micron 


122 mL/cm 2 #min 


100 mL/cm 2 *min 



As the above table demonstrates, the invented method produces 
hydrogen-permeable metal membranes that permit increased hydrogen throughput 
compared to unetched membranes of similar thickness by increasing the roughness 
20 and surface area of the etched region of the membrane. Perhaps more importantly, 
this increase in throughput is achieved without sacrificing selectivity for hydrogen 
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or the purity of the harvested hydrogen gas, which is passed through the 
membrane. 

Increasing the surface roughness of the membrane is especially 
beneficial as the thickness of the membrane is reduced to less than 25 microns, 

5 especially less than 20 microns. As the membrane thickness is reduced, the 
surface reaction rates governing the transport of gaseous molecular hydrogen onto 
the surface of the metal membrane become more important to the overall 
permeation rate of hydrogen across the membrane. In extreme cases in which the 
membrane is quite thin (less than approximately 1 5 microns) the surface reaction 

10 rates are significant in governing the overall permeation rate of hydrogen across 
the membrane. Therefore, increasing the surface area increases the rate of 
hydrogen permeation. This contrasts with relatively thick membranes (greater 
than 25 microns) in which the surface reaction rates are less important and the 
overall permeation rate of hydrogen across the membrane is governed by the bulk 

1 5 diffusion of hydrogen through the membrane. 

Thus the etching process results in an overall reduction in the 
thickness of the membrane and an increase in the surface roughness (and surface 
area) of the membrane. These improvements yield an increase in hydrogen flux 
and reduce the amount of material (e.g., palladium alloy) that is required, while 

20 still maintaining the membrane's selectivity for hydrogen. 

In the invented etching process, an etchant is used to selectively 
reduce the thickness of the membrane. When the etchant removes, or etches, 



material from the surface of a membrane, the etchant also increases the surface 
roughness and surface area of the membrane in the etched region. 

Examples of suitable etchants are oxidizing agents and acids. For 
example, oxidizing acids such as nitric acid. Other suitable examples are 

5 combinations of nitric acid with other acids, such as aqua regia (a mixture of 25 
vol% concentrated nitric acid and 75 vol% concentrated hydrochloric acid). 
Another specific example of an etchant well-suited to use in the present invention 
is a mixture comprising 67 wt% concentrated nitric acid and 33 wt% aqueous 
solution of poly(vinyl alcohol). A suitable method of preparing the aqueous 

10 solution of polyvinyl alcohol) is to dissolve 4 wt% of poly( vinyl alcohol) 
(average molecular weight 124,000 to 186,000; 87% to 89% hydrolyzed; Aldrich 
Chemical Company, Milwaukee, WI) in de-ionized water. The disclosed 
examples of etchants are for illustrative purposes, and should not be construed to 
be limiting examples. For example, the relative percentage of acid may be 

15 increased or decreased to make the etchant respectively more or less reactive, as 
desired. 

In a first method of the present invention, a selected etchant is 
applied to at least one of the surfaces of the membrane. Once applied, the etchant 
removes material from the surface of the membrane, thereby increasing its surface 
20 roughness and reducing the thickness of the membrane in the etched region. After 
a defined time period, the etchant is removed. The etching process disclosed 
herein typically is conducted under ambient conditions (temperature and pressure), 

41 



although it should be understood that the process could be conducted at elevated 
or reduced temperatures and pressures as well. 

The etching process is limited either by the time during which the 
membrane is exposed to the etchant, or by the reactive elements of the etchant. In 

5 the latter scenario, it should be understood that the etching reaction is self-limiting, 
in that the reaction will reach an equilibrium state in which the concentration of 
dissolved membrane in the etchant solution remains relatively constant. 
Regardless of the limiting factor in the process, it is important to apply a volume 
and concentration of etchant for a time period that will not result in the etchant 

10 creating substantial holes in, or completely dissolving, the membrane. Preferably, 
no holes are created in the membrane during the etching process. 

When applying the etchant to a surface of membrane 210, such as to 
produce membrane 230, it is desirable to control the region of the surface over 
which the etchant extends. It is also desirable to maintain an even distribution of 

15 etchant over this application region. If the application region of the etchant is not 
controlled, then the etchant may remove material from other non-desired regions 
of the membrane, such as the edge region, or may damage materials joined to the 
membrane, such as an attached frame. If an even distribution of etchant is not 
maintained, areas of increased etchant may have too much material removed, 

20 resulting in holes in the membrane. Similarly, other areas may not have enough 
material removed, resulting in less than the desired reduction in thickness and 
increase in flux. 



To control the distribution of etchant within the desired application 
region, an absorbent medium is placed on the membrane 210 and defines an 
application region to be etched. For example, in Figs. 20 and 21, the absorbent 
medium is generally indicated at 250 and covers application region 252 of 

5 surface 212. As shown, medium 250 is sized to cover only a central portion of 
surface 212, however, it should be understood that medium 250 may be selectively 
sized to define application regions of any desired size and shape, up to the 
complete expanse of surface 212. Typically, however, only a central portion of 
each surface is treated, leaving an unetched perimeter of greater thickness than the 

10 central region. This unetched region, because of its greater thickness, provides 
strength and support to membrane 210 while still contributing to the hydrogen 
permeability of the membrane. 

Besides being selected to absorb the particular etchant without 
adversely reacting to the etchant or metal membrane, it is preferable that 

15 medium 250 has a substantially uniform absorbency and diffusivity along its 
length. When medium 250 absorbs and distributes the etchant uniformly along its 
length, it distributes the etchant evenly across the application region, thereby 
removing substantially the same amount of material across the entire application 
region. The benefit of this is not only that some etchant will contact, and thereby 

20 remove material from the entire application region, but also that the etchant will be 
uniformly distributed across the application region. Therefore, membrane 250 
prevents too much etchant being localized in an area, which would result in too 



much material being removed. In a region where too much etchant is applied, the 
excess etchant is drawn away from that region to other areas of the medium where 
less etchant is applied. Similarly, in a region where too little etchant is applied, 
the medium draws etchant to that region to produce an even distribution across the 

5 medium, and thereby across the application region. 

As a result, the reduction of thickness in membrane 210 will be 
relatively uniform across the application region, and perhaps, more importantly, 
will be reproducible regardless of the exact rate and position at which the etchant 
is applied. Therefore, with the same size and type of medium 250 and the same 

10 volume of etchant 254, the resulting reduction in thickness should be reproducible 
for membranes of the same composition. Of course, it should be understood that 
etching removes material from the surface of the membrane, thereby resulting in 
an uneven, rough surface with increased surface area over an unetched surface. 
Therefore, the exact surface topography will not be seen. However, the average 

15 thickness measured across a section of the membrane should be reproducible. For 
example, in Fig. 19, the average thickness between central regions 240 is indicated 
with dashed lines. 

Because medium 250 essentially defines the bounds of application 
region 252, medium 250 should be sized prior to placing it upon the surface to be 

20 etched. After placing the medium in the desired position on one of the 
membrane's surfaces, such as surface 212 shown in Fig. 20, a volume of etchant is 
applied. In Fig. 20, the applied volume of etchant is schematically illustrated at 



254, with arrows 256 illustrating the absorption and distribution of etchant 254 
across medium 250. 

The applied volume of etchant should be no more than a saturation 
volume of etchant. An absorbent medium can only absorb up to a defined volume 

5 of a particular etchant per unit of medium 250 before reaching the saturation point 
of the medium. Therefore, it is important not to exceed this saturation point. Too 
much applied etchant will result in unabsorbed etchant pooling on or adjacent to 
the medium, such as on the upper surface of the medium 250 or around the edges 
of the medium. When excess etchant contacts the surface, it is likely to result in 

10 holes in the membrane because more than the desired amount of material is 
removed. As discussed, if these holes are numerous or large enough, they will 
render the membrane unusable for hydrogen purification applications, with any 
holes lowering the purity of the hydrogen passing through the membrane. 

Therefore, to prevent too much etchant from being applied, the 

15 volume of etchant applied may approach, but should not exceed, the saturation 
volume of the etchant. 

An example of a suitable absorbent medium is a cellulosic material, 
such as absorbent paper products. A particular example of an absorbent medium 
that has proven effective are single-fold paper towels manufactured by the 

20 Kimberly Clark company. When a three inch by three inch area of such a towel is 
used, approximately 2.5 mL of etchant may be applied without exceeding the 
saturation volume of that area. The capillary action of the cellulosic towel both 



absorbs the applied etchant and distributes the etchant throughout the towel. Other 
paper and cellulosic materials may be used as well, as long as they meet the 
criteria defined herein. Absorbent, diffusive materials other than cellulosic 
materials may be used as well. 

5 After applying the etchant to medium 250, the etchant is allowed to 

remove material from the application region for a determined time period. This 
period is best determined through experimentation and will vary depending on 
such factors as the composition, thickness and desired thickness of the membrane, 
the absorbent medium being used, the composition and concentration of etchant, 

10 and the temperature at which the etching process is conducted. After this time 
period has passed, the medium is removed from the membrane, and the 
application, or treatment area is rinsed with water to remove any remaining 
etchant. After rinsing, the method may be repeated to etch another surface of the 
membrane. 

15 Instead of a single etching step on each surface of the membrane, a 

variation of the above method includes plural etching steps for each surface to be 
etched. In the first step, a more reactive, or vigorous etchant is used to remove a 
substantial portion of the material to be removed. In the second step, a less 
reactive etchant is used to provide a more controlled, even etch across the 

20 application region. 

As an illustrative example, Pd-40Cu alloy foil was etched first with 
concentrated nitric acid for 20-30 seconds using the absorbent medium technique 



described above. After removing the medium and rinsing and drying the 
membrane, a second etch with a mixture of 20 vol% neat ethylene glycol and the 
balance concentrated nitric acid was performed for between 1 and 4 minutes. 
Subsequent etching steps were performed with the glycol mixture to continue to 
5 gradually reduce the thickness of the membrane in the application region. Results 
of etching Pd-40Cu foil using this method are given in the table below. 

TABLE 3 

Results of etching Pd-40Cu membrane with concentrated nitric 
acid for 30 seconds followed by subsequent etches with 
10 concentrated nitric acid diluted with 20%vol ethylene glycol. 



Etching Solution 


Etching Time 


Observations 


None (Virgin Pd-40Cu 
Foil) 


N/A 


Measures 0.0013 
inches thick 


1) Cone. Nitric Acid 

2) 20vol% ethylene 
glycol/ HN0 3 


1) 30 seconds 

2) 1.5 
minutes 


Measures 0.0008 
to 0.0009 inches 
thick, no pin holes 


1) Cone. Nitric Acid 

2) 20vol% ethylene 
glycol/ HNO3 

3) 20vol% ethylene 
glycol/HN0 3 


1) 30 seconds 

2) 1.5 
minutes 

3) 1.5 
minutes 


Measures 0.0005 
to 0.0006 inches 
thick, no pin holes 


1) Cone. Nitric Acid 

2) 20vol% ethylene 
glycol/ HNO3 


1) 30 seconds 

2) 3 minutes 


Measures 0.0005 
inches thick, no 
pin holes in 
membrane 


1) Cone. Nitric Acid 

2) 20vol% ethylene 
glycol/ HNO3 


1) 1 minute 

2) 3 minutes 


Multiple pin holes 
in membrane 



Other than confining the etching solution to a desired application 
region, another benefit of using an absorbent medium to control the placement and 
15 distribution of the etchant is that the quantity of etchant (or etching solution) that 
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may be applied without oversaturating the medium is limited. Thus, the etching 
reaction may be self-limiting, depending on the choice of and composition of 
etchant. For instance, varying the etching time using 33.3wt% PVA 
solution/66.7wt% concentrated HN0 3 yielded the results shown in the following 
table. These results indicate that the volume of etchant that is applied at one time 
may limit the depth of etching, so long as the etchant is not so reactive or applied 
in sufficient quantity to completely dissolve the application region. 



TABLE 4 

Results of etching Pd-40Cu membrane with a solution of 
33.3wt% PVA solution/66.7wt% concentrated nitric acid. 



Etching Time 


Observations 


0 


Measures 0.0013 inches thick 


3 minutes 


Measures 0.001 1 inches thick 


4 minutes 


Measures 0.001 1 inches thick 


5 minutes 


Measures 0.001 1 inches thick 


6 minutes 


Measures 0.001 1 inches thick 


3 minutes, rinse, 3 
minutes 


Measures 0.0008 to 0.0009 
inches thick 


3 minutes, rinse, 3 
minutes, rinse, 3 
minutes 


Measures 0.0006 inches thick, 
multiple pin holes 



In a further variation of the etching method, a suitable mask may be 
applied to the membrane to define the boundaries of the region to be etched. For 
15 example, in Fig. 20, instead of using absorbent medium 250 to define application 
region 252, a non-absorbent mask could be applied around edge region 238. 
Because this mask does not absorb the etchant, it confines the etchant to an 
application region bounded by the mask. Following etching, the mask is removed. 
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The mask may be applied as a liquid or it may be a film with an adhesive to bond 
the film to the membrane. 

If the chemical etching process is not properly controlled, tiny holes 
will appear in the membrane. For example, in Fig. 22 membrane 230 is shown 

5 with a hole 260 in its central region 240. Typically, the holes will be very small, 
however, the size of a particular hole will depend on the concentration and 
quantity of etchant applied to that region, as well as the time during which the 
etchant was allowed to etch material from the membrane. Holes, such as hole 260, 
reduce the purity of the hydrogen gas harvested through the membrane, as well as 

10 the selectivity of the membrane for hydrogen. The probability of holes forming in 
the membrane during the etching process increases as the thickness of the 
membrane is reduced. Therefore, there is often a need to repair any holes formed 
during the etching process. 

One method for detecting any such holes is to utilize a light source 

15 to identify holes in the membrane. By shining a light on one side of the 
membrane, holes are detected where light shines through the other side of the 
membrane. The detected holes may then be repaired by spot electroplating, such 
as by using a Hunter Micro-Metallizer Pen available from Hunter Products, Inc., 
Bridgewater, NJ. In Fig. 23, a patch, or plug, 262 is shown repairing hole 260. 

20 Any other suitable method may be used for repairing tiny holes resulting from 
etching the membrane. 
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The repairing step of the invented etching process also may be 
performed using a photolithographic method. In this case a light-sensitive, 
electrically insulating mask is applied to one surface of the membrane, and then 
the membrane is irradiated with light of the appropriate wavelength(s) from the 

5 opposite side. Any tiny holes that might be present in the membrane will allow 
the light to pass through the membrane and be absorbed by the light-sensitive 
mask. Next, the mask is washed to remove irradiated regions of the mask and 
thereby reveal the bare metal of the membrane. Because only the irradiated 
regions of the mask are removed, the remaining mask serves as an electrical 

10 insulator over the surface of the membrane. Then, all of the spots where the mask 
has been removed are electroplated or electrolessplated at the same time. 

Because the patch, or plug, represents only a minute percentage of 
the surface area of the membrane, the patch may be formed from a material that is 
not hydrogen-permeable without the flux through the membrane being noticeably 

15 affected. Of course, a hydrogen-permeable and selective patch is preferred. 
Suitable metals for electroplating to fill or close tiny holes in the palladium-alloy 
membranes include copper, silver, gold, nickel, palladium, chromium, rhodium, 
and platinum. Volatile metals such as zinc, mercury, lead, bismuth and cadmium 
should be avoided. Furthermore, it is preferable that metal applied by plating be 

20 relatively free of phosphorous, carbon, sulfur and nitrogen, since these 
heteroatoms could contaminate large areas of the membrane and are generally 
known to reduce the permeability of palladium alloys to hydrogen. 



The above-described etched membranes may be used to form 
membrane modules adapted to be coupled to a source of hydrogen gas, as 
discussed and/or illustrated herein. The membrane modules include one or more 
hydrogen-permeable membranes and are adapted to remove impurities from a feed 

5 stream of hydrogen gas. It should be understood that the previously described 
membrane modules, hydrogen purifiers and fuel processors may be formed with 
the invented membranes, but that they may also be formed with other hydrogen 
permeable membranes, including unetched membranes. Similarly, the invented 
etched membranes may be used independent of the previously described 

10 membrane envelopes, modules, hydrogen purifiers and fuel processors. 

Industrial Applicability 
The present invention is applicable in any device in which a stream 
containing hydrogen gas is purified to produce a purified hydrogen stream. The 
invention is also applicable to processes in which hydrogen-selective membranes 

15 are prepared. The invention is also applicable to fuel processing systems in which 
hydrogen gas is produced from a feed stream and subsequently purified, such as 
for delivery to a fuel cell stack or other hydrogen-consuming device. 

It is believed that the disclosure set forth above encompasses 
multiple distinct inventions with independent utility. While each of these 

20 inventions has been disclosed in its preferred form, the specific embodiments 
thereof as disclosed and illustrated herein are not to be considered in a limiting 
sense as numerous variations are possible. The subject matter of the inventions 



includes all novel and non-obvious combinations and subcombinations of the 
various elements, features, functions and/or properties disclosed herein. Similarly, 
where the claims recite "a" or "a first" element or the equivalent thereof, such 
claims should be understood to include incorporation of one or more such 
elements, neither requiring nor excluding two or more such elements. 

It is believed that the following claims particularly point out certain 
combinations and subcombinations that are directed to one of the disclosed 
inventions and are novel and non-obvious. Inventions embodied in other 
combinations and subcombinations of features, functions, elements and/or 
properties may be claimed through amendment of the present claims or 
presentation of new claims in this or a related application. Such amended or new 
claims, whether they are directed to a different invention or directed to the same 
invention, whether different, broader, narrower or equal in scope to the original 
claims, are also regarded as included within the subject matter of the inventions of 
the present disclosure. 
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